Introduction
Solid-liquid phase change ͓1,2͔ and cyclic melting and freezing are frequently encountered in latent heat storage systems and have attracted considerable attention for thermal energy storage applications ͓1͔. In these applications, energy is stored in the form of latent heat of fusion during melting, and is recovered during freezing. Detailed reviews of melting and freezing phenomena can be found in Refs. ͓2-4͔. In many electronics applications, periodic thermal transients may occur; examples include electronic power steering controllers, power semiconductors for motor drives and antilock braking controllers.
Though there is extensive literature on solid-liquid phase change ͓5,6͔, periodic pulse heating of phase change materials for electronics cooling has received less attention. Periodic melting and freezing in latent heat storage systems for space applications have been studied, and details of the system performance for these applications are available in Refs. ͓7,8͔. However, the frequency of pulses investigated in these applications is usually very low.
A few studies have considered transient phase change for electronics cooling. Lu ͓9͔ reported a study of phase-change cooling with emphasis on suppressing the junction temperature rise due to a single high-power pulse. This study also provided design guidelines for high-power electronic packages. Evans et al. ͓10͔ analyzed power electronic packages and provided design guidelines relating the materials, geometry, power input, and junction temperature for steady-state conditions and transient pulses. Pal and Joshi ͓11͔ investigated numerically the melting of a phase change material ͑PCM͒ under transient variations in the power input for passive thermal control of electronic modules.
Commonly used PCMs such as paraffins have very low thermal diffusivity and are not suitable for transient thermal management applications. In order to improve their effective thermal conductivity and enhance heat transfer rates, internal fins or metal foams have been introduced into the PCM ͓12-14͔. Vesligaj and Amon ͓15͔ investigated passive thermal control of portable electronics using PCMs with thermal conductivity enhancers under unsteady thermal workloads. Alawadhi and Amon ͓16͔ also studied phase change inside enclosures with metal fins to enhance heat transfer for transient applications. Baker et al. ͓17͔ performed an analysis of the thermal control performance of a nonmetallic PCM with metallic fins under periodic heating. They reported significant temperature suppression in periodic heat generating systems with little or no weight penalties for space applications. Similarly, Pal and Joshi considered thermal control of heat sources using metal foams ͓18͔. Harris et al. ͓19͔ presented an approximate theoretical model to analyze the phase change process in a porous medium. Assuming equilibrium melting at the pore scale, a parametric study based on a semi-heuristic conduction model was formulated. The conditions for the existence of local thermal equilibrium were explored.
The objective of the present work is to investigate the problem of solid-liquid phase change occurring in a rectangular enclosure under pulsed heating from one side. The effect of incorporating metal foams in the enclosure is considered. The difference in response time between systems with and without metal foam has important implications for the thermal management of transient energy pulses ͓20͔. If the time scale of the energy pulse is short compared to the response time of the heat sinking system, local overheating is possible. The presence of a metal foam decreases the response time substantially, and thus PCM systems with metal foams perform significantly better than those without metal foams. The objective of the present study is to investigate the influence of pulse width, Stefan number, and Rayleigh number on the temporal evolution of the melt front location ͑melting rate͒ and heat transfer from the active wall with and without metal foams. This work is a follow up to previous studies on metal foams by the authors ͓13,14͔, in which a constant heat input was provided to the domain with and without metal foams being present.
Mathematical Model
A schematic diagram of the problem under investigation is shown in Fig. 1 . The square domain of side H encloses the metal foam and PCM. The vertical wall on the right is maintained at a constant temperature T C . The top and bottom walls are adiabatic. The metal foam and the PCM are at equilibrium at temperature T C * , initially. At time = 0, a rectangular pulsed temperature condition as shown in Fig. 1 is applied to the vertical wall on the left. The applied temperature alternates between the hot wall temperature, T H Ͼ T melt , and the cold wall temperature, T C Ͻ T melt . The thermophysical properties of the solid metal foam and the PCM are assumed to be constant over the range of temperatures considered. The liquid PCM is assumed to be incompressible, Newtonian, and subject to the Boussinesq approximation. Volume change due to phase change is ignored, as are thermal dispersion effects. Using the dimensionless variables
the dimensionless equations governing the conservation of mass, momentum and energy are
In the above equations, F is the inertial coefficient; ␥ is the fraction of liquid in the PCM ͑␥ = V l / V f ͒; and is the fraction of liquid PCM in the given volume ͑ = ␥͒. The energy equations are closed using a heat exchange term. Details of the mathematical model can be found in Refs. ͓13,14͔. A detailed discussion of the numerical methods employed for solving Eqs. ͑1͒-͑4͒, as well as code validation, and grid-and time-step independence are also available in Refs. ͓13,14͔ and are not repeated here. A nonuniform grid of 102ϫ 102 is employed for all the computations. The inertial coefficient, F, for flow through metal foams is 0.068 ͓21͔. The melting point of the PCM is maintained constant at T melt * = 0.3 for the calculations presented below. For metal foams, a constant porosity of 0.8 is used for all the computations. For organic PCMs ͑PrϾ 25͒ undergoing phase change in porous enclosures, the velocities encountered are small ͑ϳO͑10 −3 ͒ m/s or less͒ for Ra Da 2 Յ 10 4 . As the system is expected to be largely conduction dominated, it is critical to establish the diffusion limit for the interstitial heat transfer coefficients. The interstitial Nusselt number based on the pore diameter used for all the calculations is 5.9, based on the expression of Morgan ͓22͔ for flow over cylinders at the conduction limit. The details of the calculations and the effect of different interstitial Nusselt numbers on the heat transfer characteristics of metal foam-integrated PCM enclosures are available in Ref. ͓14͔ . For the periodic heat input studied here, two different pulse widths w are chosen corresponding to: ͑i͒ the time for natural convection to just set in ͑ w ϳ 9 Ra −1/2 / Ste͒ ͓5͔; and ͑ii͒ the time for the entire PCM to melt completely.
Results and Discussion
Melting of a pure phase change material ͑without foam͒ is first considered, followed by an investigation of the effects of the presence of a foam. The Prandtl number of the PCM material is 50, and the nondimensional melting temperature is fixed at 0.3. Further, the solid-and liquid-phase thermophysical properties of the PCM are assumed to be equal and constant. For the pure materials, the nondimensional pulse widths ͑ w ͒ analyzed are 0.01 and 0.22. For a constant left wall temperature ͑T H * ͒, the melting process in a rectangular enclosure follows a sequence of four regimes, each characterized by a unique Nusselt number ͓5,14͔: ͑1͒ conduction ͑Nuϳ͑͑Ste H ͒ −1/2 ͒͒; ͑2͒ mixed conduction plus convection ͑Nuϳ͑͑Ste H ͒ −1/2 +Ra͑Ste H ͒ 3/2 ͒͒; ͑3͒ convection ͑Nu ϳ Ra 1/4 ͒, and ͑4͒ shrinking solid regimes. Here, Ste H = C pf ͑T H −T melt ͒ / ⌬H, and is based on the temperature difference ͑T H − T melt ͒ and the PCM's specific heat, C pf , which is assumed to be the same for both solid and fluid phases. Detailed discussions of the four regimes are given in Refs. ͓5,14͔. It should be noted that the Nusselt number is time dependent in the conduction and conduction-plus-convection regime, but is time invariant during the quasi-steady convection regime. For boundary temperatures oscillating above and below the melting temperature of the PCM, melting occurs during the hot period followed by solidification during the cold period. If the pulse width is shorter than the "steady-state" time required for melting, then the melting process will not evolve through all the four different regimes. Figure 2 shows the predicted PCM melt volume fraction at two different Rayleigh numbers, for a pulse width of 0.01. The Stefan number in the plots in this work is based on the melting period, i.e., Ste H = C pf ͑T H − T melt ͒ / ⌬H. The phase change process for Ra =10 6 and 10 8 reaches a periodic steady-state over a nondimensional time of approximately 2 and 0.5, respectively. The time for convection to set in during the melting process is given by 9 Ra −0.5 / Ste ͓5͔; this time scale is derived assuming that the initial temperature of the domain is at the melting point.
For cases in which w Ͻ 9 Ra −0.5 / Ste, i.e., for Ra= 10 6 , the process is expected to be conduction dominated. For oscillating boundary conditions with high-frequency pulsing, the boundary layer response in conduction-dominated flow is confined to a thin region adjacent to the surface. The thickness of the region over which the pulse is felt is ϳ͑␣ ef / f͒ 1/2 in which f is the frequency of the pulses and ␣ ef = k / ͑͑C p ͒ ef ͒ where ͑C p ͒ ef ϳ ⌬H / ⌬T. In non- dimensional terms, this length scale may be written as ͑␣Ste/ f͒ 1/2 / H, where Ste takes appropriate values during the hot and cold periods. Since both the melting and solidification processes are conduction dominated for Ra= 10 6 , it is expected that an average amount of energy, corresponding approximately to a steady boundary temperature of ͑T H * + T C * ͒ / 2, enters the domain in each cycle. This "averaged" behavior is best illustrated by comparing the low-Ra behavior with the transient response of an enclosure with the left wall raised to ͑T H * + T C * ͒ /2 at = 0 and held at this constant temperature. The melt volume fraction for this case is shown in Fig. 2 and is labeled "average." The pulsed case at Ra= 10 6 follows the "average" case closely. In contrast, for Ra= 10 8 , the pulse width w Ͼ 9 Ra −0.5 / Ste and the phase change process enters a quasi-steady convection regime in which the melt volume fraction scales as Ra 0.25 Ste . As seen in Fig. 2 , the correspondence between the net heat input into the domain in the pulsed case and that for a fixed average boundary temperature ͑"average" case͒ is no longer present when there is significant convection. It should be noted that for the average cases, the actual Rayleigh and Stefan numbers take half the values of the equivalent pulsed cases. Figure 3 shows the predicted wall Nusselt number once a periodic steady state is achieved for Ra= 10 8 , Ste= 1.0, and w = 0.01. The wall Nusselt number is calculated using the expression
The heat extraction period in each pulse is denoted by negative Nusselt numbers. At = 0, the Nusselt number is theoretically infinite, and this is also true at the instant when the left wall temperature changes from hot to cold ͑this is represented in the plots as a break in the Nusselt number curves͒. As the melting process evolves, as discussed before, it follows a sequence of distinct regimes characterized by unique Nusselt numbers. It should be noted that the Nusselt number curves ͑at a periodic steady state͒ during the hot periods of the pulsed boundary temperature are very similar to those for a constant boundary temperature as discussed in Ref. ͓14͔ for Ra= 10 8 and Ste= 1.0. When the temperature on the left wall changes from T H * to T C * , solid begins to grow from the left wall ͑at the rate of 1/2 where Nuϰ −1/2 ͓3͔͒ until the beginning of the next period, at which time the cycle is repeated.
The effect of Stefan number is brought out in Fig. 4 for Ra =10 8 . Here again, the pulse width w is 0.01. If the imposed temperature boundary conditions were constant and not pulsed, the Stefan number would be inversely proportional to the time taken to reach steady state, i.e., ss ϰ Ste −1 . With an oscillating temperature boundary condition, the change in Stefan number affects the average melt volume fraction for a given cycle ͑in both the hot and cold periods͒ and also the total dimensionless time to reach a periodic steady state. It may be recalled that the process is conduction dominated during both the melting and resolidification periods for Ste= 0.1. The same is not true for Ste= 1.0 in this case, natural convection is established during the melting period. Thus it can be seen that there is a strong dependence of the melt volume fraction on the Stefan number. Figure 5 shows the effect of pulse width variation from w = 0.01 and 0.22, for Ra= 10 8 , and Ste= 1.0. For a nondimensional pulse width w = 0.22, the phase change process establishes a steady state even before the end of the pulse. This can be clearly seen in Fig. 5 . It should be noted that the pulse width affects the total melted material during a given cycle and also the system periodic steady-state time scale. Metal Foams. Metal foams impregnated with PCMs are considered next. The porosity of the metal foam is held constant at 0.8 with a pore size ͑d / H͒ of 0.0135. The ratio of the average ligament diameter of the foam to the mean cell size is 0.1875, with the average ligament diameter being 0.36 mm. The ratio of the metal foam-to-PCM thermal conductivity ͑͒ is 1000, while the ratio of thermal capacitances ͑⍀͒ is unity. The nondimensional melting temperature of the PCM is fixed at 0.3. The metal foam-PCM system steady state is dictated by the time for heat exchange between the metal foam and the PCM, ͑1−͒⍀ /Nu i ͓14͔. As long as the heat exchange time is short compared to the response times of the two phases ͑PCM and metal foam͒, the two phases develop together in a coupled manner and the time to steady state is determined by the faster phase ͓14͔. Therefore, it is expected that the time to reach steady state for the foam-PCM system is dictated by the metal foam response time ͑ϳ⍀ / ͒ due to the short heat exchange time between the two phases. A detailed discussion of the foam-PCM composite time scales and the effect of interstitial Nusselt number and temperature fields on the heat transfer characteristics for a constant temperature boundary condition can be found in Ref. ͓14͔. The response time for the metal foam-PCM composite is faster by O͑10 −3 ͒ than the PCM-only case discussed earlier. After initial computational experiments with constant temperature boundary conditions ͑not discussed here͒, it was found that the metal foam-PCM system reached a steady state at a dimensionless time of 0.008. Hence, the pulse widths employed in the following discussions, 0.002 and 0.008, are much shorter than for the PCM-only cases discussed before. Figure 6 shows the melt volume fraction as a function of ͑␣ s / ␣ f ͒ for Ra= 10 6 , w = 0.002, Ste= 1, = 0.8, Pr= 50, Da =10 −2 , and interstitial Nusselt number of 5.9. Since metal foam is the dominating scale, the dimensionless time is renormalized in terms of thermal diffusivity of the foam ␣ s . When Nu i Ͼ ͑1−͒, the interphase heat exchange time is shorter than the diffusion time for metal foam ͑which is the fast-response phase͒ and the system steady state is dictated by the metal foam time scale. In the presence of the foam during the melting period, convective flow in the melt is impeded due to low values of the parameter Ra Da 2 ͑=100͒. Conduction-dominated profiles result, limiting the maximum possible melt volume fraction to ͑1−T melt * ͒ ͓14͔, i.e., both the temperature profile in the metal foam and the PCM are straight lines and the melt volume fraction is thus the region T * Ͼ T melt * . As expected for w Ͻ⍀/ , the melt volume fraction is less than ͑1−T melt * ͒. During the cold pulse period, the system steady state again is dictated by the metal foam, and the PCM foam cools off before the end of the pulse, i.e., the system reaches a periodic steady state much faster than the no-foam case discussed, by almost O͑10 −2 ͒. Figure 7 shows the Nusselt number at the hot wall for the case considered in Figure 6 . The Nusselt number is defined as
It should be noted that in Fig. 6 , that the x axis is plotted in terms of ͑␣ s / ␣ f ͒. Initially, the heat transfer from the wall is large, but it drops rapidly as both the metal and PCM heat up. In the presence of foam, heat transfer is conduction dominated, and at steady state, the dimensionless temperature gradient at the wall for both metal foam and PCM is unity. Hence, for a constant temperature boundary condition, the Nusselt number asymptotes ͑drops͒ to Nu total ϳ + ͑1−͒ at steady state. Since w Ͻ ss , Nu total is higher than + ͑1−͒. It can be seen from Fig. 7 that Nu total → 0 as the cold part of the cycle progresses, since the left and right walls are both subjected to T C * during this period. It should be noted that the Nusselt number for the case with foam is higher by an order of magnitude compared to the no-foam case discussed earlier.
The pulses of longer duration, in which the pulse width is chosen such that the phase change process reaches a steady state before the end of the hot period, are considered next. Figure 8 shows the melt volume fraction as a function of ͑␣ s / ␣ f ͒ for Ra =10 6 , w = 0.008, Ste= 1, = 0.8, Pr= 50, Da= 10 −2 , and interstitial Nusselt number of 5.9. Since the process is conduction dominated, the system reaches a periodic steady state as discussed for the previous case. The increase in pulse width increases the amount of melted PCM during the hot period. As discussed before, the melt volume fraction asymptotes to ͑1−T melt * ͒. During the cold pulse period, the PCM-foam system cools off before the end of the pulse.
When the Rayleigh number is increased from 10 6 to 10 8 ͑results not shown͒, the melt volume fraction at periodic steady state increases from 0.7 to 0.74; however, the overall behavior is similar to that for Ra= 10 6 as discussed above. Similarly, a decrease in Stefan number from 1.0 to 0.1 with Ra= 10 6 ͑results not shown͒ decreases the rate of melting due to the thermal inertia associated with phase change and the concomitant relative increase in the latent heat of fusion.
Conclusions
Solid/liquid phase change occurring in a rectangular container with and without metal foams under periodic pulsed heating is investigated. For the case of a pure PCM without a metal foam, the combined effect of pulse width and natural convection in the melt is found to have a profound effect on the overall melting behavior. For a pulse width w Ͻ Ra −0.25 / Ste, the phase change process exhibits an averaged behavior corresponding to steady wall heating at the mean wall temperature. For w Ͼ Ra −0.25 / Ste, natural convection effects becomes important and averaged behavior is not recovered.
For the metal foam-PCM composite case investigated, the heat transfer process is conduction dominated, irrespective of the pulse width value. The response time for the metal foam-PCM composite is faster by O͑10 −3 ͒ than the PCM-only case. Since this time scale is relatively short, a periodic steady state is established rapidly in PCM-impregnated metal foams. 
